Abstract We describe a pedigree of 71 individuals from the Republic of Cameroon in which at least 33 individuals have a clinical diagnosis of persistent stuttering. The high concentration of stuttering individuals suggests that the pedigree either contains a single highly penetrant gene variant or that assortative mating led to multiple stutteringassociated variants being transmitted in different parts of the pedigree. No single locus displayed significant linkage to stuttering in initial genome-wide scans with microsatellite and SNP markers. By dividing the pedigree into five subpedigrees, we found evidence for linkage to previously reported loci on 3q and 15q, and to novel loci on 2p, 3p, 14q, and a different region of 15q. Using the two-locus mode of Superlink, we showed that combining the recessive locus on 2p and a single-locus additive representation of the 15q loci is sufficient to achieve a two-locus score over 6 on the entire pedigree. For this 2p ? 15q analysis, we show LOD scores ranging from 4.69 to 6.57, and the scores are sensitive to which marker is chosen for 15q. Our findings provide strong evidence for linkage at several loci.
Introduction
Stuttering is a common disorder affecting the flow of speech, characterized by involuntary repetitions or prolongations of words or syllables, and by interruptions in speech known as blocks. Stuttering typically appears in children at the age of 3-5 years, where the incidence rate is about 5 %. More than 75 % of these children recover, either spontaneously or with speech therapy, leading to a prevalence of stuttering of about 1 % in the adult population (Craig et al. 2002; Felsenfeld 2002) . Twin and adoption studies have suggested high heritability in this disorder (Andrews et al. 1991; Bloodstein 1961; Dworzynski et al. 2007; Fagnani et al. 2011; Felsenfeld et al. 2000; Felsenfeld and Plomin 1997; Godai et al. 1976; Howie 1981; Ooki 2005; van Beijsterveldt et al. 2010; Rautakoski et al. 2012) . However, Mendelian segregation typically does not occur, and a number of traditional linkage studies have produced limited success (Shugart et al. 2004; Suresh et al. 2006; Wittke-Thompson et al. 2007 ). This is not surprising in view of the characteristics of this disorder, such as the high recovery rate and absence of clear segregation, and supports the model of stuttering as a complex genetic disorder.
To address these impediments to genetic analysis, a number of studies have been done in consanguineous populations, particularly in Pakistan. Studies in this population first revealed a significant linkage to markers on chromosome 12 (Riaz et al. 2005) . This linkage was used to subsequently identify mutations in the GNPTAB gene, initially in the Pakistani population and subsequently in additional populations (Kang et al. 2010 ). More recently, strong evidence of linkage to stuttering was found in consanguineous Pakistani families on chromosome 3q (Raza et al. 2010 ) and chromosome 16q (Raza et al. 2012) .
Whole-exome and whole-genome sequencing approaches are being used to identify the mutant genes underlying Mendelian disorders (Ng et al. 2010a, b; Rehman et al. 2010) . However, these approaches have so far been much less successful in identifying the genes that underlie nonMendelian complex genetic disorders. In such disorders, locus heterogeneity, reduced penetrance, and the frequent occurrence of phenocopies all work to obscure the correlation of a particular genetic variant with stuttering. Thus, linkage information, based on co-segregation of a potentially causative variant with the disorder in families, has been used in the successful application of next generation sequencing technologies in disease gene discovery (Rehman et al. 2010; Sobreira et al. 2010) .
In pursuit of additional gene loci for persistent stuttering, we ascertained an extended family in Cameroon, West Africa, designated CAMST01 that includes a large number of affected individuals. In contrast to Pakistani families, CAMST01 has no genealogical evidence and no strong marker evidence (e.g., long stretches of homozygous markers) for consanguinity. The existence of multiple affected individuals in several different lineages within the family raised the possibility that assortative mating contributed to the large total number of affected members present in the pedigree. Assortative mating has been shown to play a role in the epidemiology and management of hereditary deafness (Arnos et al. 2008 ).
Materials and methods

Family ascertainment and sampling
Family CAMST01 was ascertained via the International Stuttering Awareness Day Online Conference hosted by the Stuttering Home Page (http://www.mnsu.edu/comdis/kuster/). The family members and 47 age-and sex-matched normal Cameroonian control subjects were enrolled with written informed consent approved by an IRB of the National Institutes of Health and by the Institute of Tropical Medicine IRB, Kumba, South West, Republic of Cameroon. All family members and normal controls came from North West Province, Republic of Cameroon. DNA from peripheral blood was obtained from 51 family members, 48 of whom provided recorded speech samples.
Diagnosis and assignment of affection status
After removing individuals whose genotypes were inconsistent with the reported genealogical relationship, the pedigree contained 71 individuals. Of these 71 individuals, 42 were evaluated using the Stuttering Severity Index, 3rd Edition (SSI-3) (Riley 1994) to quantify stuttering dysfluencies in English. Family members' first language was a native Cameroonian dialect, although they were generally multilingual, with English commonly used. Affected family members had undergone a variety of speech interventions and displayed persistent stuttering in all languages spoken.
For the analyses shown here, we considered individuals with a dysfluency score \4.07 as unaffected, and there were six such individuals. We considered individuals with a dysfluency score C4.07 affected, and there were 36 such individuals. Six individuals were assigned unknown status (0) because of lack of a recorded sample, although family history suggests that 110, 156, 158 are affected and 141, 191, 205 are unaffected.
Genotyping
Microsatellite genotyping was performed using 50 and 25 ng of genomic DNA extracted from peripheral blood for multiplex and single plex PCR reactions, respectively. The initial genome-wide scan was performed using the Marshfield Weber 10 panel set (http://www.marshfieldclinic.org/ research/pages/index.aspx). From this set, 332 autosomal microsatellite markers passed quality control. We genotyped additional microsatellite markers for fine mapping, including seven on chromosome 2, eight on chromosome 3, three on chromosome 14, and 55 on chromosome 15. PCR amplifications were performed in 10 ll reaction volumes using thermocycling programs and the reaction conditions as previously described (Weber and Broman 2001) . Capillary electrophoresis was performed on ABI PRISM Ò 3730 Genetic Analyzer. GeneMapper software was used to call and extract the genotypes from the electropherograms generated by the 3730 Genetic Analyzer. SNP genotyping was performed using the Illumina Infinium II Assay and Human Linkage-12 Panel, which includes 6,090 singlenucleotide polymorphism (SNP) markers chosen from validated HapMap DNA assays. These SNPs are distributed with an average spacing of 0.58 cM. Illumina BeadStudio v3.2 was used for analysis of genotypes as previously described (Raza et al. 2012) . A total of 5670 SNPs passed quality control. All base pair positions shown are from human genome build 36/hg18. Haplotypes were constructed using MERLIN (Abecasis et al. 2002) .
Linkage analysis of single loci Preliminary LOD score computations were done with MERLIN. Because MERLIN cannot handle pedigrees as large as CAMST01 and because it was quickly evident that no single locus can explain the stuttering in CAMST01, the pedigree was split into five subpedigrees. Three of these subpedigrees represented the offspring of the three wives of individual 112. The remaining two subpedigrees represented the descendents of different siblings of individual 112 (Fig. 1) . To balance the risk of multiple testing with the risk of splitting the pedigree too finely, we split the pedigree only once, but analyzed all possible pedigree subsets derived from the split. LOD scores for these analyses were computed with Superlink (Fishelson and Geiger 2002) .
We first performed single-marker analysis on sets of subpedigrees. In Fig. 1 , the overall pedigree is divided into five largely non-overlapping subpedigrees, lettered A through E. Therefore, there are 2 5 -1 = 31 ways to choose a subpedigree set that includes at least one of A through E. We analyzed all 31 such subpedigree sets. We computed single-marker LOD scores at all genome scan microsatellite markers, covering the 22 autosomes, and 150 different penetrance functions, later reduced to 30. The penetrance functions represent one of three alternative modes of inheritance: dominant, additive, or recessive. The approach of trying multiple penetrance functions has been studied statistically, (Greenberg et al. 1998; Sham et al. 2000) . These studies suggested that the LOD scores generated by such optimization are statistically valid, but one should add 0.3 (=log 10 2) or perhaps twice that to thresholds typically used to decide whether a LOD score has genome-wide significance. Hum Genet (2013) 132:385-396 387 Penetrance functions
The trait locus is modeled as having two alleles, which we denote by h(ealthy) and d(isease-associated). A penetrance function has three terms: P(affected | hh), P(affected | hd), and P(affected | dd). In these penetrance functions, the first term varied between 0.01 and 0.05, the second term varied from 0.01 to 0.99, and the third term varied from 0.5 to 0.99. In this notation, dominant inheritance means that P(affected | hd) = P(affected | dd), recessive inheritance means P(affected | hh) = P(affected | hd), and additive inheritance means that P(affected | hh) \ P(affected | hd) \ P(affected | dd). We used only combinations in which P(affected | hh) B P(affected | hd) B P(affected | dd) on the assumption that additional copies of the trait-associated allele would not reduce the probability of being affected.
Allele frequencies
Trait allele frequencies were generally set at 0.01. Marker allele frequencies were set by averaging in 50:50 proportions, the genotypes in the pedigrees and the genotypes in unrelated controls from Cameroon. The use of a 50:50 mixture was a cautious choice that avoids inflating LOD scores for alleles that are rare in controls. Because microsatellite markers are highly polymorphic, it is not unusual for a certain allele to be entirely absent in the control data, necessitating adjustment of the allele frequencies which was done using this mixture. For the sake of consistency, we used a mixture for both the microsatellite and SNP data. We tested the sensitivity of the highest scores to the 50:50 mixture in ''Results''.
Multi-marker analysis and evaluation of loci
Loci of interest were suggested by single-marker analysis with microsatellites. Each locus was assigned one ''core microsatellite'' that was used in multi-marker analysis with nearby markers, either microsatellites or SNPs. Markers were combined in subsets of size two, three, and four with the trait locus moving across the marker map. Marker positions were from the Rutgers map (Matise et al. 2007 ). For two-locus analysis, the loci on 3p and 3q were modeled as unlinked. Because the pedigree is too large to use the Lander-Green algorithm that could consider all markers, e.g. (Abecasis et al. 2002; Ott 1999) , we were obliged to use a LOD score computation method such as Superlink, in which only a small subset of markers can be considered. Nevertheless, the microsatellites are sufficiently informative that at a true positive locus, one would expect that multi-marker analysis with different marker sets should give similar scores. The loci we identified scored high in subpedigree sets containing one to four of the subpedigrees A through E.
To evaluate these loci in the context of the full pedigree, we computed heterogeneity LOD scores (HLOD) using the program HOMOG (Ott 1999) . For example, if a locus scored high in subpedigree set ACD, then we modeled that there are three subpedigrees, ACD, B, and E, and presented three sets of scores to HOMOG. The extent of each locus was determined by the peak LOD minus one rule (Ott 1999) .
Linkage simulations
Linkage simulations were performed using the package FastSLINK (Ott 1989; Schäffer et al. 2011 ) to estimate power. We used 1,000 replicates of one or two markers each with five equally frequent alleles, displaying a recombination fraction with the trait locus of 0.05. The primary purpose of the power calculations was to see how observed LOD scores compared to simulated scores, for various subpedigrees and penetrance functions. Because we were interested in ''typical behavior'' of the maximum and average scores, we used a standard marker heterozygosity of 0.8.
Two-locus analysis
We used the two-locus option of Superlink to determine whether simultaneous analysis of multiple loci would yield a higher score, or yield high scores in larger subpedigrees, than analysis of single loci. The settings for two-locus penetrance functions are explained in ''Results'' because our usage of Superlink two-locus analysis is contextdependent. The two loci can be either unlinked or linked, and we performed analyses under both conditions. Some Superlink computations were feasible only via the Superlink-online version that uses many computers in a distributed fashion (Silberstein et al. 2006) .
Results
We first performed a linkage scan of the autosomes using microsatellites. LOD scores were computed and optimized for mode of inheritance as described in ''Materials and methods''. In the initial scan, 21 markers displayed a LOD score of at least 1.0 on the full pedigree (Table 1) . Several of these, including the highest scoring markers, were found on chromosomes 2 and 3.
We divided the full pedigree into five subpedigrees labeled A through E, as shown in Fig. 1 . We then computed LOD scores for all 31 subpedigree combinations. Markers with LOD scores above 2.0 are shown in Table 2 . As in Table 1, the scores for Table 2 have been optimized for mode of inheritance, but more coarsely than was done for Table 1.
The data in Table 2 suggested several regions of interest, and markers on chromosomes 2 and 3 again produced the highest scores. Marker D15S659 was also of interest because it segregates nearly perfectly with stuttering in subpedigree E. We then performed genotyping at a total of 5,670 SNP loci distributed over all autosomes and additional microsatellite markers for fine mapping at selected locations. Based on multi-marker runs using these data, we found evidence for linkage on the short arms of chromosomes 2 and 3, on the long arm of chromosome 3, and on chromosomes 14 and 15. We present these loci in genome order because they are not easily ordered by strength of evidence. We summarize these loci in Table 3 , and we compare the evidence among loci. Finally, we carry out two-locus analyses to test if pairs of loci could together explain linkage in a larger set of subpedigrees.
Chromosome 2p
A peak LOD score of 2.81 at D2S405 on the full pedigree first drew our attention to this locus. There was a group of high-scoring markers on the short arm of chromosome 2 extending from about 29 to 31 Mbp. The subpedigree set ACD generated the highest scores at this locus under a recessive mode of inheritance with incomplete penetrance (0.01;0.01;0.8). The marker D2S405 generated a LOD score of 3.69 in subpedigree set ACDE. Preliminary multimarker computations suggested that omitting subpedigree E resulted in a modest decrease in single-point LOD scores, but improved multi-marker LOD scores (data not shown). We therefore considered subpedigree set ACD to be optimal.
Supplemental Table 1 and Supplemental Figure 2 show LOD scores using markers on chromosome 2p. Singlemarker LOD scores are shown at recombination fraction h = 0. For multi-marker analyses, one marker was allowed to vary; those that were fixed are so indicated. Multimarker LOD scores represent either the peak LOD scores with the trait locus located within the interval defined by the markers (those labeled inner), or located outside the interval (those labeled outer). Outer LOD scores were unidirectional, computed only for the end that was bounded by the marker that was allowed to vary. Combinations not calculated are marked with a ''-''.
The SNP rs2272386 (28.72 Mbp) appeared to be the telomeric boundary of this linkage interval. Single-marker scores suggested that the interval may extend as far as rs305175 (36.22 Mbp), but multi-maker runs suggested that the interval extends no further than rs1054889 (31.41 Mbp). The peak LOD score using markers rs11127193, D2S405 and rs7560152, which are all firmly within the linkage interval, was 3.86. To better understand the significance for this score, we performed simulations in SLINK. These simulations compared the score on our observed data with the empirical cumulative distribution function of scores on simulated data. This score of 3.86 had a percentile of 94.7 with two flanking markers, and thus it exceeded 94.7 % of the scores obtained in these simulations, suggesting that it is a true positive.
Chromosome 3p
A locus on the short arm of chromosome 3 contains D3S2432, the marker that attained the highest score on the full pedigree. The interval with high linkage scores extended from about 29 to about 38.5 Mbp. The optimal subpedigree set for this locus was ACE under a recessive mode of inheritance, using the penetrance function 0.01;0.01;0.8. The marker D3S2432 attained a LOD score of 2.97 on the full pedigree with the penetrance function 0.02;0.02;0.7. D3S2432 attained a LOD score of 3.52 on subpedigree set ACDE with the penetrance function 0.01;0.01;0.8. However, ACE had higher two-marker LOD scores using D3S2432 and its neighboring microsatellite markers D3S3727 (LOD score 2.69) and D3S3518 (LOD score 2.81), so we take ACE as the optimal subpedigree set for this locus. LOD scores for markers near D3S2432 are shown in Supplemental Table 2 and Supplemental Figure 3 . The marker rs1381397 (28.74 Mbp) appeared to be the The composite locus on chromosome 15 is needed later for two-locus analyses, as a way to include both dominant loci on 15 together
ND not done a The SLINK column shows the percentile of the observed score among the empirical cumulative distribution of simulated scores for 1,000 replicates of a linked pedigree and two-marker analysis, except for the row marked b For the perfectly segregating locus on 15E, 10.8 % of the SLINK single-marker replicates also achieve the highest observed score of 2.01; due to the way SLINK is used, the perfect segregation is not evident if two-marker analysis is used. Similarly, for the locus on chromosome 15 in subpedigree B, the low percentile of 56.0 % is due to using two-marker analysis with ungenotyped founders. In the observed data, the locus segregates perfectly in B, but scores below the 2.0 threshold used for Table 2 telomeric boundary of the linkage region, and rs762318 (38.49 Mbp) appeared to be the centromeric boundary. The highest multi-marker LOD score was attained for the markers rs304838, D3S2432 and D3S3518 with a peak score of 3.18 between rs304838 (30.78 Mbp) and D3S2432 (32.14 Mbp) (Supplemental Table 2 ). The score of 3.18 has a percentile of 97.4 in SLINK simulations with two flanking markers, suggesting that it is a true positive.
Chromosome 3q
We observed a high-scoring locus on the long arm of chromosome 3 spanning the interval from approximately 195-199 Mbp. The optimal subpedigree set for this locus was ADE under a recessive mode of inheritance using the penetrance function 0.01;0.01;0.99. On the full pedigree, microsatellite D3S1311 attains a peak LOD score of 1.42 with a recessive penetrance function 0.01;0.01;0.6. The optimal subpedigree set for this marker is ADE, where it attained a LOD score of 2.90 under the penetrance function 0.01;0.01;0.99. Two-marker scores using neighboring SNPs (Tables 2, 3 ) and preliminary three-marker scores (data not shown) were promising, so we genotyped the nearby microsatellite D3S1305. Supplemental Table 3 and Supplemental Figure 4 show three-marker LOD scores calculated by keeping D3S1311 and D3S1305 fixed and varying the third maker. LOD scores above 3.4 were common from this analysis, with the highest scoring combination being rs711995, D3S1311, and D3S1305, which produced a peak LOD of 3.47 between rs711995 and D3S1311. The score of 3.47 has a percentile of 98.2 in SLINK simulations with two flanking markers, suggesting that it is a true positive. The SNP rs7627589 (195.33 Mbp) appeared to be the centromeric boundary of this linkage region, and rs718501 (198.57 Mbp) appeared to be the telomeric boundary. The most centromeric marker listed in Table 3q , D3S2418, is less than 2 Mbp from the marker D3S3054, which is at the center of a locus identified in a study of stuttering in the Hutterite population (Wittke- Thompson et al. 2007 ). Thus, our linkage at 3q in CAMST01 is a replication of this finding.
Chromosome 14
We observed a high-scoring locus on chromosome 14 extending from approximately 65.5 to 70.7 Mbp. The optimal subpedigree set is ABDE with a recessive penetrance function 0.01;0.01;0.99. The microsatellite D14S588 attains a LOD score of 3.31 on ABDE (Table 2; Supplemental Table 4 and Supplemental Figure 5 ). Scores for two-marker runs in which marker D14S588 was fixed were highly variable. Three-marker runs fixing D14S588 and rs987579 gave higher LOD scores (data not shown), but the addition of the intermediate marker rs8688 in four-marker analyses lowered the LOD score. Based on multi-marker analyses, the marker D14S125 (65.45 Mbp) marked the promixal boundary and rs221924 (70.65 Mbp) marked the distal boundary. The highest LOD score was 3.45, obtained using rs975232, D14S588, rs8688, and rs987579. The score of 3.45 has a percentile of 87.5 in SLINK simulations with two flanking markers, which is not as high as the percentiles for the best multipoint scores on 2p, 3p, or 3q.
Chromosome 15
There were two weakly linked loci on chromosome 15. One locus came to our attention because the marker D15S659 (44.16 Mbp) segregates perfectly with stuttering in subpedigree E in a dominant manner, yielding a LOD score of 2.01, above the 2.0 threshold used for Table 2 . We genotyped additional markers in the region, several of which also generated a LOD score of 2.01 on this subpedigree, which is the maximum attainable for the settings we used of a penetrance function 0.01;0.99;0.99 and a trait allele frequency 0.01; see Supplemental Table 5 . This linkage region extends from rs1426932 (43.47 Mbp) to D15S962 (54.36 Mbp).
We investigated nearby markers on chromosome 15 in other subpedigrees for two reasons. First, there was some evidence of linkage to D15S822 in subpedigree set CD. Second, a prior study had suggested a locus on chromosome 15 at approximately 23 cM (Suresh et al. 2006) . Investigations of the centromere-proximal portions of chromosome 15 revealed that the marker GATA50C03 (34.78 Mbp, 34.58 cM) had a single-point LOD score of 1.71 on subpedigree B with a dominant mode of inheritance. This score was comparable to the peak scores derived by SLINK; for subpedigree B, LOD scores are sensitive to marker allele frequencies. Several nearby markers also had LOD scores above 1, and multi-marker runs yielded scores above 2; see Supplemental Table 6 and Supplemental Figure 6 . The large region consistent with linkage in subpedigree B extended from rs2703955 (25.85 Mbp) to rs276855 (37.32 Mbp). We ignored the low score at D15S1232 when calculating this extent, because the scores at nearby markers were much higher. This encompasses and thus replicates the previously suggested locus. The promising region on subpedigree B was near the region optimal for subpedigree E, but did not overlap (Supplemental Tables 5 and 6 ; Supplemental Figure 6 ).
The potentially distinct linkage regions observed in B and E suggested an analysis of these subpedigrees together. On chromosome 15, the highest scoring mode of inheritance for the BE subpedigree is additive (Supplemental Table 7 ). Scores at intermediate markers, however, were inconsistent (data not shown), so additive inheritance was not an entirely satisfactory explanation. The peak multimarker LOD score for the microsatellites D15S514, D15S537, and D15S659 was 1.55.
Comparing the evidence for different loci Table 3 summarizes the evidence for each locus and adds HLOD values (see ''Materials and methods'') and SLINK percentiles, which represent the rank of observed score compared to the simulated scores. The SLINK replicates were generated and analyzed under the same single-locus penetrance model, while the observed data represent likely polygenic inheritance analyzed under an oversimplified single-locus model.
Among the four recessive loci, the evidence for linkage on chromosomes 2p, 3p, and 3q is stronger than the evidence for linkage on chromosome 14. The chromosome 14 locus has the lowest SLINK percentile and multi-marker scores do not give a smooth peak (Supplemental Table 4 and Supplemental Figure 5) . Support for the other three recessive loci is stronger. The locus on chromosome 2 has the highest LOD and HLOD, but is narrow. The locus on 3p is the broadest of the recessive loci and has a high SLINK percentile (97.4 %). The locus on 3q has the strengths that it replicates a previously reported linkage (whereas linkages on 2p and 3p are novel), has the highest SLINK percentile (98.2 %), and the multi-marker scores show an ideal, flat peak (Supplemental Table 3 and Supplemental Figure 4) . For a selection of high-scoring markers, we tested the sensitivity of the choice of a 50:50 mixture, compared to 1:99, 25:75, 75:25 or 99:1 mixtures, and report the outcome of this test in Supplemental Table 8 . Except at the chromosome 14 locus, for which the evidence is weakest, the high LOD scores vary little.
Considered as single loci, the three possible loci on chromosome 15 in Table 3 are much weaker than the four recessive loci based on the total LOD scores and the HLODs, but we report them partly because they perform well in two-locus analyses.
Two-locus analyses
After recognizing that various loci showed evidence of linkage in different subpedigree sets, we investigated how these loci could segregate in pairs. This is feasible via the two-locus analysis option of Superlink-online (Silberstein et al. 2006) . Unfortunately, analysis of more than two loci simultaneously is not implemented. Due to computational limitations, we used only one microsatellite per locus. We used penetrance functions that are a composite of the functions that give high scores at single loci as suggested by Strauch et al. (2003) , but unlike their approach we use different penetrance classes for different parts of the pedigree.
We used two types of penetrance functions. The first type of penetrance function was used when the optimal subpedigree sets for the two loci did not overlap (e.g., ACD and B). For this type, we included two penetrance classes in our model because there was no compelling evidence that trait alleles for more than one locus entered either of the disjoint sets. Individuals were assigned to a class based on their position in a pedigree. Individuals in the subpedigree set optimal for the first locus were assigned to class 1. Similarly, individuals in the subpedigree set optimal for the second locus were assigned to class 2. Within each class, the corresponding trait-associated allele was assumed to explain the phenotype; Table 4 shows the penetrance function used for analysis of chromosome 2p (marker D2S405) with chromosome 15 (marker D15S537) under additive inheritance.
The second type of penetrance function was used when the optimal subpedigree sets for the two loci were not disjoint. When the subpedigree sets were not disjoint, this suggested that in the subpedigrees unique to locus 1, only trait-associated alleles for locus 1 entered, in the subpedigrees unique to locus 2, only alleles for locus 2 entered, and in the subpedigrees shared by the two loci, alleles for both loci entered. Therefore, we included three penetrance classes.
The resulting penetrance functions are similar to that shown in Table 5 , which shows the penetrance function used for chromosomes 2p and 3q. Although the best model for each single locus was recessive, we had limited information regarding the best choice for the middle value in the table, corresponding to individuals that inherit one traitassociated allele at each locus. This value is low in the simpler no-epistasis model that gave better scores. Thus, in Table 5 , the middle value for class 3 is low and was used in the analyses shown. Table 6 shows LOD scores generated by combining pairs of high-scoring loci. Next to each LOD score is the subpedigree set used. Analyzing the data on chromosome 15 as two weakly linked loci yields a LOD score of 3.42 on subpedigree set BE. This score is more than 1 LOD unit better than any single-locus explanation we tested, suggesting that there are two distinct stuttering loci on chromosome 15 (one previously described and one new). When we analyze chromosome 15 in conjunction with a locus on another chromosome, we are forced to represent chromosome 15 by a single additive locus. Despite this limitation, the 2p locus also has notably high LOD scores when combined with loci on 15. As explained in the Discussion, the 2p ? 15 two-locus LOD score is sensitive to the marker chosen to represent 15. The highest score we obtained was 6.57, combining the highest scoring marker in Supplemental Table 7 (D15S537, with a score of 2.99) with D2S405 representing 2p. However, if we use instead a marker that scores much lower with the additive model on 15q, such as D15S1039 (scores 1.12 in Supplemental Table 7 ), then the two-locus score drops to 4.69. Tests with several other markers demonstrated a pattern that the 2p ? 15 two-locus score was approximately 3.57 plus the additive 15q score in Supplemental Table 7 .
Discussion
Although twin studies have indicated a high heritability for stuttering, further genetic studies have been hampered by a number of features of the disorder, including unequal rates of occurrence in males and females, a high recovery rate, and a general lack of Mendelian transmission in families (Drayna et al. 1999; Bloodstein and Ratner 2011) . Studies in consanguineous families have generated a number of clear linkage loci for this disorder (Raza et al. 2010 (Raza et al. , 2012 and one such locus on chromosome 12 (Riaz et al. 2005) has led to the discovery of causative genes for this disorder (Kang et al. 2010) . However, the known loci can explain only a fraction of familial stuttering. This study differs from previous genetic studies of stuttering in that we studied individuals from Africa, all of whom are multilingual. There have been a variety of studies on multilingualism and stuttering (reviewed in Van Borsel et al. 2001 and Shenker 2011) . Most, but not all multiligual stutterers stutter in all languages spoken, though sometimes in varying degrees. A more controversial question is whether multilingual individuals have a higher incidence of stuttering; a positive answer would give a cautionary note to genetic studies since it would identify one environmental factor contributing to stuttering. Van Borstel et al. (2001) state that ''The belief that stuttering is more prevalent in biliguals than in monolinguals seems to be widespread indeed.'' Yet, 10 years later, based on extensive clinical experience in bilingual Québec, Shenker (2011) concluded that ''there is no credible research to support or refute the idea that bilingualism increases the risk of stuttering or to justify asking a child to become monolingual.''
The results of our study of family CAMST01 are consistent with previous genetic findings in stuttering. We have replicated two previously suggested linkage loci on chromosomes 15q and 3q. We have also generated substantial evidence for novel loci on chromosomes 2p, 3p, and 15q, together with suggestive evidence for a novel locus on chromosome 14, with peak single-locus LOD scores ranging from 3.18 to 3.86. Our statistical evidence for linkage at these single loci is strengthened by the results of our two-locus analyses. Model-based analysis of two loci has been possible for some time through either TLINKAGE (Schork et al. 1993) or GENEHUNTER-TWOLOCUS (Dietter et al. 2004 ), but the CAMST01 pedigree is too large for these methods. Therefore, we used the two-locus capability of Superlink (Silberstein et al. 2006) , including the capability to analyze two weakly linked loci on chromosome 15. While Superlink has proven highly useful (http://cbl-hap.cs.technion.ac.il/superlinksnp/successStories.php), published Superlink studies have not previously used the two-locus feature. Our results indicate that such two-locus analysis may be useful for other large pedigrees of complex traits, especially in the presence of assortative mating.
To understand why the two loci on chromosome 15 appear to be separate and why the scores for a single additive locus are variable from marker to marker, we computed haplotypes. Supplemental Figure 1 shows two possible haplotype assignments for chromosome 15 in subpedigree set BE over a region spanning both loci on chromosome 15. In light of the large pedigree, it was surprising that MERLIN would choose different haplotype assignments depending on which individuals or markers were included.
Supplemental Figure 1 , panel a illustrates the evidence that the two chromosome 15 loci are separate. The 8-5-10-3-7 (haplotype 2) haplotype segregates perfectly in subpedigree E, except that there is a crossover, so that affected individual 200 has only the lower 10-3-7 subhaplotype, partly explaining the high scores on E further down the chromosome. Affected individuals in B appear to share a 3-3-11 (haplotype 1) haplotype, but the lower part is not shared by individuals 184 and 185 in B.
The more telomeric markers have a highly unusual pattern of allele sharing. Either or both of two haplotypes, namely 5-6-4-13-3-1 (haplotype 1) and 7-9-2-11-3-6 (haplotype 3), that are inferred to occur in the ungenotyped individual 112 can also be inferred to occur in the children of 127 in subpedigree B. The pedigree structure, however, suggests that the children of 127 can share at most one of these haplotypes indentical-by-descent with 112. This results in ambiguity in the haplotypes, illustrated by comparing panel b with panel a in Supplemental Figure 1 . Analysis using all 37 available microsatellites between D15S971 and D15S1032 failed to resolve this ambiguity, suggesting that both haplotypes could be present in the children of 127.
The ambiguity in the haplotypes becomes more interesting when one notices that six out of seven affected children of 112 in E inherited the 5-6-4-13-3-1 (haplotype 1) haplotype from 112, even though it is the 8-5-10-3-7 (haplotype 2) haplotype inherited from 111 that segregates nearly perfectly with the trait in E. Since 111 is the affected ancestor in E and the marriage of 111 and 112 connects subpedigree B to subpedigree E, one would not expect haplotypes from 112 to recur so often among the affected individuals in both subpedigrees. The unusual inheritance pattern of haplotypes suggests that the pedigree as drawn in Fig. 1 may be missing at least one additional ancestral relationship that connects subpedigrees B and E. The markers that produce the highest score when analyzing BE as a single additive locus (Supplemental Table 7 ) are those such as D15S971 and D15S537, at which the trait-associated allele in B arises on a haplotype that is not associated with the trait in sub-pedigree E. The large number of highscoring markers in our additive BE analysis provides additional evidence for a common ancestor between subpedigrees B and E (Supplemental Table 7 ).
Two shared chromosome 15 haplotypes and many highscoring markers spread around chromosome 15 are the only evidence we see for a founder effect, in which either multiple haplotypes or multiple copies of the same haplotype from an unknown distant founder segregate in the pedigree. At recessive loci, such as the four loci we described above on 2q, 3p, 3q, and 14q, a founder effect would typically manifest as homozygosity for a haplotype that is passed identical by descent via two paths; we see no evidence of homozygosity at these loci or on chromosome 15. However, the evidence of two shared haplotypes on chromosome 15 does suggest that pedigrees B and E have a common founder. If that is so, one mating would have to be consanguineous and one should ask why we do not see homozygosity for some chromosome 15 marker interval in affected individuals in subpedigrees B and E. There are three possible answers that are not mutually exclusive. First, the preferred mode of inheritance is dominant, so there is no need for homozygosity on chromosome 15 to obtain positive evidence of linkage on chromosome 15. Second, the consanguineous mating could involve only ungenotyped parents and offspring (e.g., 107, 108, 127); in that scenario, the homozygosity by descent exists, but we do not see the homozygosity because it exists only in individuals who are ungenotyped. Third, the common ancestor may be so many generations back that the resulting homozygous intervals are too small to detect at the moderate density of our genotyping.
An important issue in two-locus analysis is what LOD scores to treat as significant. Schork et al. (1993) suggested adding 0.5 to the LOD score threshold. A more general approach was suggested by Ott (1999) , which is to add 0.3 for each extra free parameter. In doing two-locus analysis, we are choosing pedigree subsets for each locus and a mode of inheritance for each locus. We consider this to involve four choices, so it is appropriate to add 1.2 to the LOD score threshold one would use for standard singlelocus analysis. Since the current typically used threshold is 3.0-3.3, this suggests that a threshold of 4.2-4.5 should be used for significance. Our two-locus LOD scores of 4.55-6.57 (Table 6 ) are thus strong support for linkage.
Family CAMST01 was ascertained in large part because it includes a large number of affected individuals. While large families with many members who stutter have been described in outbred populations (Macfarlane et al. 1991) , such families are rare and most family clusters of stuttering contain a modest number of cases (Canhetti-Oliveira and Richieri-Costa 2006; Shugart et al. 2004; Suresh et al. 2006; Viswanath et al. 2004; Wittke-Thompson et al. 2007 ). Since we could find no substantial evidence of consanguinity in family CAMST01, two hypotheses were possible. One hypothesis was that stuttering in this family was due to an allele at a single locus with an unusually large effect that was distributed across the family by polygamous marriages. An alternative hypothesis was that multiple alleles at different loci gave rise to the many observed cases in this family. Our analysis demonstrates that the latter is the case, and thus to date, single highly penetrant alleles that exert an effect large enough to generate very large families that contain many affected individuals have rarely been observed.
Preliminary analyses (data not shown) did not show a substantial difference when different parameters were used for males and females, which differs from results found in a previous linkage study (Suresh et al. 2006 ). CAMST01 may have unique genetic and environmental causes of stuttering, not subject to the gender differential observed in other samples.
Our findings give rise to the question of how such multiple alleles came into this single extended family. Stuttering in Cameroon has not been shown to occur at a higher rate than elsewhere. For the loci with a recessive mode of inheritance, most affected individuals are not homozygous at the highest scoring markers. Thus, the genotype evidence does not support the hypothesis that the recessive trait alleles originated in a common founder. There is an unusual pattern of haplotype sharing between subpedigrees B and E for the dominant locus of 15q, suggesting an unknown common ancestor, but this haplotype sharing is not sufficient to explain the trait locus in the entire family. One possible hypothesis is assortative mating, in which stuttering individuals non-randomly marry other stuttering individuals. Assortative mating became common in hereditary deafness, another communication disorder, when non-random mating was associated with the attendance of large numbers of affected individuals at schools or universities for the deaf (Arnos et al. 2008) . Factors that could contribute to such assortative mating in this population are unknown.
